Non-responsiveness to hepatitis B virus (HBV) vaccine in adults is
Introduction
The humoral response to hepatitis B virus (HBV) vaccine in adults is a well-recognized and studied phenomenon. Poor responses are strongly associated with HLA-C4A3,DRB1*0701,DQB1*02 and HLA-C4AQ0,DRB1* 0301,DQB1*02 haplotypes. 1, 2 In previous studies we demonstrated these associations also in neonates who failed to mount a humoral response to challenge with HBV vaccine. 3 About 4% of vaccinated newborns do not reach a protective antibody level at seroconversion 4 and 0.4% is a non-responder even after receiving a fourth dose of vaccine: (true non-responders (TNR)); while 3.6% achieved an antibody level у10 mIU/ml (slow responders (SR)) only when reboostered with an extra fourth challenge. Among the children who achieved a protective antibody level at seroconversion, low responders (LRs) had an antibody level between 11 and 40 mIU/ml at the seroconversion (5% of the total population), while responders (Rs) had an antibody level Ͼ40 mIU/ml.
In grading the humoral response, we envisaged distinct roles for different HLA products. Each of the four categories seemed, in fact, to be immunogenetically dif-ferent: different HLA products appeared to lower (C4AQ0, DRB1*0301 and DQB1*02) or favour (DRB1*11 and DQB1*0301) the humoral response to HBV vaccine. In fact, TNRs and SRs were characterised by high frequencies of the former alleles while DRB1*11 and DQB1* 0301 were present at very low frequencies. Efficient responsiveness seemed to be characterized more by the lack of 'non-responder' alleles than by the presence of 'responder' alleles. 5 In the present study we use multivariate statistical analysis to investigate the contribution to non-responsiveness of antagonist and agonist HLA alleles. Moreover we extend the vaccination and HLA typing to family members of the probands in order to get a better understanding of a possible parent-to-child transmission of this trait.
Results

Population study
The results of Svejigaard and Ryder's statistical method 6 are shown in Table 1 which presents the comparison between C4AQ0, DRB1*0301, DRB1*0701 or DQB1*02. The C4AQ0 allele was significantly associated with nonresponsiveness also in the absence of DRB1*0301, DRB1* 0701 and DQB1*02, while DRB1*0301, DRB1*0701 and DQB1*02 were not significantly associated with nonresponsiveness in C4AQ0 negative probands. Thus the strongest association involved the C4AQ0 allele. Combined association (the two factors are considered together vs their absence). The P value is corrected by a factor of 6 as explained by Svejgaard and Ryder. 6 c Significance of these tests indicated that factor 1 has the strongest association. The P values are corrected multiplying by a factor of 6.
d Significance of these tests indicated that factor 2 has the strongest association. The P values are corrected multiplying by a factor of 9.
e This test investigated differences between the association of the two factors with non-responsiveness. The correction factor is equal to 9. f Linkage disequilibrium in R and NR respectively. The correction factor is equal to 9.
Family study
This result was confirmed by the transmission disequilibrium test (TDT), presented in Table 2 . TDT showed that the C4AQ0 gene was implicated in non-responsiveness since in families of TNRs it was transmitted from parents to TNR children 100% of times (4/4 times; P = 0.045) and in families of SRs 90% of times (9/10; P = 0.007) instead of the expected 50%. DRB1*0301 and DQB1*02 transmission to TNR and SR children did not differ from the expected 50%.
In the pedigrees of TNR probands we found one TNR father (pedigree 8), two LR mothers (families 5 and 10) and one LR brother (pedigree 3); while in the families of SR probands we found one SR sister (family 12). The two SR sisters received the same haplotypes from both parents ( Figure 1 ). The results of linkage analysis are shown in Figure 2 : LOD score values were positive from DQB1 to A loci but not higher than 3, the value considered suggestive of linkage. The highest value was obtained near the C4A locus (1.58).
Discussion
All three statistical methods used confirmed that the strongest association with non-responsiveness involved the C4A locus and the C4AQ0 allele in particular.
Svejigaard and Ryder's statistical method 6 showed that the highest odds ratio (OR) values involved C4AQ0 allele. Although there was a modest odds ratio (OR) increase if C4AQ0 was present together with DRB1*0301, DRB1*0701 or DQB1*02, only the C4AQ0 allele was significantly associated with non-responsiveness both in HLA-DRB1*0301, in DRB1*0701 and DQB1*02 negative probands. The TDT showed, both in TNRs and SRs, that the C4AQ0 allele was almost always transmitted to proGenes and Immunity bands. Although not statistically significant, the highest LOD score was obtained with C4A locus: 1.58.
These results suggest the presence of a region regulating immune response against HBV vaccination near to or coincident with the C4A locus. Mice deficient in C3 and C4 were found to have a profound defect in their antibody response to a T-dependent antigen. The nature of the defect was found to be at the level of the B cell, as the T cells were primed in C3 and C4 deficient mice as well as those in wild-type mice. These results and the finding that the defect could be partly reversed by a 10-fold increase in antigen dose, support the hypothesis that covalent attachment of complement ligands to the antigen-antibody complex increases its immunogenicity. 7 Direct coupling of C3d to antigen is sufficient to dramatically reduce the amount of antigen required for a secondary response. 8 Experiments on C4 genetically deficient hamsters vaccinated with X174 and reconstructed with human C4A demonstrated the specific role of C4A protein. 9 As shown by TDT and linkage analysis, this locus cannot be the only one controlling the immune response to HBV vaccine. C4AQ0 is almost always transmitted to TNRs and SRs but there were 13/27 (48.1%) families with a non-responder baby in which this allele was not present in either parents or probands. The presence of other loci involved in non-responsiveness may be a reason for the fact that the LOD score did not reach a significant value. Another reason could be the fact that the studied families are relatively small and have only two children. The TDT has the potential to discover associations in cases of tight linkage, when linkage itself is hard to detect. 10 Furthermore the only affected sib-pair found (two SR sisters in pedigree 12) was HLA identical. Previous family studies had shown that of nine major histocompatibility complex (MHC)-identical sibling pairs, both members of eight pairs had similar antibody response and an association with HLA-B8,SC01,DR3 was found especially in homozygous.
11 LOD score was 6.3 at recombination fraction 0.1.
We are now investigating the HLA region more precisely with microsatellite markers. This technique could be useful for restricting the involved tract of the HLA region and for defining the telomeric and centromeric ends of the putative HLA genomic tract more precisely.
Materials and methods
Subjects
From May 1991 to December 2000, 5710 Caucasian babies born in Pavia (Lombardy, northern Italy) at the IRCCS Policlinico San Matteo, were vaccinated at birth against HBV. All babies were healthy, resident in Pavia or in the near-by area. A dose of 10 g of Engerix B (Smith, Kline and Beecham) recombinant HBV vaccine was administered intramuscularly in the antero-lateral face of the thigh, on the 4th day of life, at 1 month and 6 months of age. In 4511 infants antibody level was tested a month after the third dose. An extra dose was administered only to those babies with an antibody level below 10 mIU/ml.
Babies were classified as:
• True non-responders (TNRs) if they had an antibody level persistently lower than 10 mIU/ml even after the booster dose of vaccine (17/4511, 0.4%); • Slow responders (SRs) if they had an antibody level lower than 10 mIU/ml at the time of seroconversion but higher than 100 mIU/ml when re-evaluated after the booster dose of vaccine (169/4511, 3.6%); • Low responders (LRs) if they had an antibody level between 11 and 40 mIU/ml at seroconversion (229/4511 5%); • Responders (Rs) if they had an antibody level Ͼ40 mIU/ml at seroconversion (4102/4511, 91%).
Ninety-seven babies, namely 40 Rs, 26 LRs, 21 SRs and 10 TNRs randomly selected within each category, entered the study and were typed for HLA class I, II and III alleles.
Families
To study genetic transmission of non-responsiveness, 10 families (40 subjects) of TNRs and 17 (51 subjects) of SRs were typed for HLA class I, II and III genes. Furthermore the 10 families (parents, grandparents, brother and sister not yet vaccinated) of the TNRs and four of the SRs followed a vaccination program in order to evaluate their antibody level at seroconversion and perform a linkage analysis. Some of the SR families could not be vaccinated either for ethical or practical reasons. Ethical reasons were due to the presence of disorders that did not consent the vaccination challenge. Practical reasons regarded persons that were already vaccinated elsewhere without having evaluated the antibody level reached.
HLA typing
All the subjects underwent low resolution molecular typing for HLA-A*, B*, C* genes and high resolution genomic typing for DRB1*, B3*, B4*, B5* and DQA1*, DQB1* using a technique of polymerase chain reaction with sequence-specific primers (PCR-SSP). 12 Furthermore they were typed for C4A and C4B polymorphism at the protein level with agarose gel immunoelectrophoresis followed by immunofixation with specific antibodies and staining with Coomassie blue. 13 The electrophoretic bands were subjected to densitometric analysis in order to define null alleles, hetero and homoduplications better.
Statistical analysis
Population study: In order to identify which of two HLA factors showed the strongest association, a method described by Svejigaard and Ryder 6 was followed. As the basic data for the analysis were the entries of a two by four table, we pooled together TNRs and SRs, calling this group NRs (non-responders), and compared their four phenotypic combinations of HLA factors with those of Rs. The first tests (1 and 2) investigated if the two factors, each considered separately, are associated with nonresponsiveness. In test 3 the combined action of the two factors 1 and 2 was compared relatively to their absence, giving information on the interaction, if any, of the two factors. Then tests 4 and 5 investigated whether factor 1 was associated with non-responsiveness in subjects carrying (test 4) or not (test 5) factor 2; in a similar way, tests 6 and 7 investigated whether factor 2 was deviated in 1-positive or 1-negative subjects. These four tests give information on the independence and the strength of the association of the two factors. Test 8 investigated whether the association of non-responsiveness with factor 1 and 2 differed. Finally in tests 9 and 10 the linkage disequilibrium between the two factors was investigated in NRs and Rs, respectively.
Genes and Immunity
The ORs were calculated by Haldane modifications of Woolf's method. The P values, calculated with Fisher's exact test, were corrected for multiple comparisons according to Svejigaard and Ryder.
Family study: The TDT was applied to families of 27 nonresponders (10 TNRs and 17 SRs) to verify whether the previously found predisposing alleles C4AQ0, DRB1* 0301 and DQB1*02 were transmitted to children with impaired responsiveness more than the 50% of times expected by chance.
14 Two-point linkage analysis was performed applying a model of a recessive marker with gene frequency 0.1% by means of the LINKAGE program. 15 Relatives that are low responders themselves were considered heterozygous.
For different recombination fractions (), likelihood functions L(), were compared to the likelihood function relative to the independence of the markers, L( = 0.5), and evaluated by means of the Morton LOD score:
L() L( = 0.5) Z() is significant if Z() Ͼ 3.
